Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
°C=(°F-32)/1.8
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88).
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Altitude, as used in this report, refers to distance above the vertical datum.
Abstract
Up to 8.5 inches of rain fell from April 15 through 18, 2007, in southern Maine. The rain-in combination with up to an inch of water from snowmelt-resulted in extensive flooding. York County, Maine, was declared a presidential disaster area following the event.
The U.S. Geological Survey, in cooperation with the Federal Emergency Management Agency (FEMA), determined peak streamflows and recurrence intervals at 24 locations and peak water-surface elevations at 63 sites following the April 2007 flood. Peak streamflows were determined with data from continuous-record streamflow-gaging stations where available and through hydraulic models where station data were not available. The flood resulted in peak streamflows with recurrence intervals greater than 100 years throughout most of York County, and recurrence intervals up to 50 years in Cumberland County. Peak flows for selected recurrence intervals varied from less than 10 percent to greater than 100 percent different than those in the current FEMA floodinsurance studies due to additional data or newer regression equations. Water-surface elevations observed during the April 2007 flood were bracketed by elevation profiles in FEMA flood-insurance studies with the same recurrence intervals as the recurrence intervals bracketing the observed peak streamflows at seven sites, with higher elevation-profile recurrence intervals than streamflow recurrence intervals at six sites, and with lower elevation-profile recurrence intervals than streamflow recurrence intervals at one site.
The 
Introduction
The April 2007 storm, which is commonly referred to in Maine as the Patriots' Day Storm, produced strong winds, tornadoes, high waves, beach erosion, and riverine and coastal flooding in communities from South Carolina to Maine from April 15 through 18, 2007. The storm, resulting from a major low-pressure system, reached peak intensity on April 16 off the coast of New Jersey but still produced up to 8.5 in. of rain in southern Maine (National Weather Service, written commun., 2007) . The storm produced hurricane-force winds and extreme rainfall in Maine, causing storm surges and flooding in coastal areas and extensive flooding of streams and rivers inland. The State of Maine declared a state of emergency as a result of the flooding caused by the Patriots' Day Storm. Federal disaster areas were declared in Androscoggin, Cumberland, Franklin, Hancock, Kennebec, Knox, Lincoln, Oxford, Sagadahoc, Somerset, Waldo, Washington, and York Counties. The Maine Emergency Management Agency (MEMA) estimated damages to public infrastructure associated with the Patriots' Day Storm at $45 million, including $31.5 million to roads alone ( fig. 1 ). Damage to private homes and property also was extensive. Over $16.2 million was spent by the Federal Emergency Management Agency (FEMA) on 1,600 damage-repair projects in the 13 counties associated with the April 2007 flood (Federal Emergency Management Agency, written commun., 2007) .
The documentation of peak flood-water heights and peak-streamflow magnitudes and frequencies associated with extreme events provides water-resource managers and emergency-management workers with essential data for the delineation of floodplains necessary for accurate land-use planning and for flood-mitigation decisions. Peak-flood data are important for the calibration of models used to establish and assess 100-year and 500-year floodplain limits and profiles.
The magnitude and frequency of flooding are critical engineering information used by the Maine Department of Transportation and local public-works officials to accurately size new bridges and culverts. An oversized bridge will cost additional money to build, and an undersized bridge will increase the risk of the structure getting damaged or destroyed during its design life. Flood analyses guide improvements to emergency-action plans for affected communities. Flood documentation in a disaster area is crucial for the development of mitigation measures to prevent future flood losses and for appropriate allocation of disaster-assistance funding when the next extreme event occurs.
The U.S. Geological Survey (USGS), in cooperation with FEMA, began a study in 2007 to document the antecedent conditions, precipitation, and streamflows associated with the severe riverine flooding in Maine in April 2007 caused
Flood of April 2007 in Southern Maine
By Pamela J. Lombard by the Patriots' Day Storm. Initially, the USGS identified, flagged, and surveyed high-water marks (HWMs) in southern Maine and provided FEMA with locations and elevations for the HWMs in June 2007. As a part of this preliminary work, the USGS computed peak flows and recurrence intervals for the Mousam River near West Kennebunk and for the Little Ossipee River near South Limington associated with the April 15 through 18, 2007 extreme flooding in these areas. Recurrence intervals between 100 and 500 years were documented at the above locations on the Mousam and Little Ossipee Rivers for the April 2007 flood (Hodgkins and others, 2007) .
The April 2007 flood affected many of the same locations and rivers as the May 2006 flood in York County. Peak streamflows and recurrence intervals for 9 streams and peak water-surface elevations at 25 sites were published for the May 2006 flood (Stewart and Kempf, 2008) . One stage/ discharge rating extension and six calibrated hydraulic models developed after the May 2006 flood were also used to compute peak discharges for the April 2007 flood. In addition, 11 new hydraulic models and 5 new rating extensions were developed specifically for this study.
Severe flooding occurred in the Mousam River watershed ( fig. 2 ) during both the May 2006 and April 2007 floods. This watershed is characterized by numerous small dams and reservoirs, and has the potential to be highly regulated. It was unclear to water-resource managers how much of an impact the dams could have on events equivalent to or greater than the 100-year event. This study includes estimates of how the storage capacities, inflows, and outflows of the many reser- 
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Antecedent Hydrologic Conditions
Hydrologic conditions in the weeks and months prior to a flood can have a substantial impact on peak streamflows and peak elevations resulting from the flood. Antecedent hydrologic conditions that can affect the severity of a flood include stream stage and discharge, percent soil saturation and (or) degree of frozen soils, and ground-water levels. Relatively little hydrologic information that describes hydraulic conditions prior to the April 2007 flood in southern Maine is available; however, soil moisture, precipitation, and streamflow records that are available are summarized below. 
Soil Moisture
Storm Characteristics Precipitation Amounts
Large amounts of rainfall fell in southern Maine from April 15 through 18, 2007. Rainfall totals for the 3-day storm were 8. 42, 8.56, 7.08, and 6.83 
Rainfall Frequency
The Atlas of Precipitation Extremes for the Northeastern United States and Southeastern Canada contains maps with recurrence-interval isolines for 1-, 2-, 4-, 7-, and 10-day rainfall totals (Wilks and Cember, 1993) . The T-year (where T equals 100, 50, 25, 10, 5, and 2) rainfall recurrence intervals for southern Maine were interpolated from these maps. The recurrence interval is the average period of time between rainfalls that are greater than or equal to a specified magnitude. The 100-year rainfall is the rainfall that would be equaled or 
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exceeded on average once every 100 years. This means there is a 1.0 percent chance that a rainfall of this magnitude will be equaled or exceeded in any given year. The 100-year rainfall totals for 2-, 4-, 7-, and 10-day periods in southern Maine are 8, 9, 11, and 12 in., respectively (Wilks and Cember, 1993) . The average rainfall, based on the National Weather Service precipitation records during the Patriots' Day Storm in April of 2007 was roughly equivalent to the 100-year recurrence interval for 2-day rainfall totals near Sanford, Maine ( fig. 2 ).
Peak Stream Elevations and Flows
The rain that fell in York and Cumberland Counties between April 15 and 18, 2007, in addition to up to an inch of equivalent water from snowmelt, resulted in extreme water-surface elevations and streamflows in rivers in parts of southern Maine. Peak water-surface elevations and the magnitude and recurrence interval of peak streamflows are described below.
Peak Water-Surface Elevations
Peak water-surface elevations are based on recorded stage at continuously recording streamflow-gaging stations or crest-stage gaging stations where available and on HWMs identified using the techniques of Benson and Dalrymple (1967) HWMs such as debris lines or wash lines caused by the flooding event can be located, marked, and rated in the days following a storm ( fig. 6 ). Debris lines usually consist of fine material such as silt, hemlock needles, or seeds deposited by peak water surfaces on trees ( fig. 7 ), bridge abutments, buildings, or streambanks ( fig. 8 ). Wash lines are defined by the removal or washing away of soil, debris, and leaves by flood peaks. It is essential to mark all HWMs as soon as possible after the event because they can quickly fade or wash away in subsequent storms. HWMs are rated on the basis of the type and quality of the debris line or wash line as well as other corroborating evidence in the area. The accuracy of the mark is defined as follows: a high-water mark having an excellent rating is estimated to be within 0.05 ft of the actual peak water surface; a good mark is within 0.1 ft; a fair mark is within 0.2 ft; and a poor mark may be greater than 0.2 ft from the true peak water surface during the event.
Peak water-surface elevations were determined for 160 points at 62 sites on 33 rivers and streams in York and Cumberland Counties, Maine, following the April 2007 flood (table 1 in back of report, fig. 9 ). Most of the documented HWMs were upstream or downstream of bridges, culverts, and dams or at discontinued streamflow-gaging stations or creststage gaging stations. The locations of sites where HWMs were identified (one to four marks per site) are shown on figure 9, and the elevations of the HWMs are listed in table 1 (in back of report). All HWMs included in this report were referenced to NAVD 88 using High Precision Global Positioning System (GPS) instrumentation. At sites where a continuous-record streamflow-gaging station was in operation, peak water-surface elevations were recorded by the station and the identification of HWMs was unnecessary. The time of the peak elevation or the peak flow from the April 2007 flood is not known for any of the points listed in table 1 (in back of report) except at the continuously recording streamflowgaging stations (sites 61-63).
Peak Streamflows
Peak streamflows associated with the April 2007 flood were calculated at 24 sites in York and Cumberland Counties, Maine (table 2). Methods used to determine peak streamflows include the development of a relation between streamflow and water-surface elevation (a rating curve) at a continuous-record station or crest-stage station, which is periodically updated with streamflow measurements at or near the peak flow ( fig. 10 ), and the development of hydraulic models and indirect methods at sites where a rating curve was not available or was unreliable for extremely high flows. Indirect methods are based on hydraulic modeling in which peak flows are estimated as those flows which produce modeled water-surface elevations that match HWMs observed in the field. Indirect methods of determining peak flow are based on hydraulic relations between flow and the geometry of the channel or hydraulic structures such as bridges or culverts (Benson and Dalrymple, 1967; Matthai, 1967) . Peak streamflows were determined with rating curves at eight sites and hydraulic models and indirect methods at 16 sites in York and Cumberland Counties following the April 2007 flood. 
Determination of Peak Streamflows through Stage/Discharge Rating Curves
The most reliable method for computing peak streamflows is the use of a calibrated and recently confirmed rating curve. The relation of stage to flow is controlled by a downstream reach or section of a channel referred to as a control. Depending on the stability of the river control at high flows, a rating can sometimes be extrapolated beyond its calibrated range. Historic rating curves can be used to determine peak discharges at inactive stations if there is evidence the site has a stable control and, therefore, a rating curve that is still accurate and applicable. To develop a rating curve, available streamflow measurements and corresponding stream elevations at a site are analyzed and plotted and a best-fit relation between them is developed (Rantz and others, 1982) .
Peak streamflows were computed at two locations from current rating curves using peak water-surface elevations obtained from continuous-record streamflow-gaging stations in operation during the April 2007 flood. The Saco River at Cornish (USGS station number 01066000) and Stony Brook at East Sebago (USGS station number 01063310) peaked at 17,000 and 125 ft 3 /s, respectively (table 2) . Times, dates, and elevations associated with these peak streamflows are discussed in the section (Peak Water-Surface Elevations) above. A peak flow of 96 ft HWMs were used to estimate peak streamflows at several discontinued sites that had stable rating curves: Mousam River near West Kennebunk (USGS station number 01069500), Branch Brook near Kennebunk (USGS station number 01069700), Collyer Brook near Gray (USGS station number 01059800), Royal River at Yarmouth (USGS station number 01060000), and Ossipee River at Cornish (USGS station number 01065500) (table 2). There is uncertainty with the rating curve and the estimated peak streamflow of 1,450 ft 3 /s at Collyer Brook near Gray because the curve was extended well above the highest streamflow measurement.
Determination of Peak Streamflows through Hydraulic Modeling using Indirect Methods
Peak streamflow was determined at the remaining 16 sites using indirect methods based on hydraulic modeling (Benson and Dalrymple, 1967; Matthai, 1967) . One of the sites was an active crest-stage gaging station (Chenery Brook at Cumberland) and one was a discontinued crest-stage gaging station (Mill Brook near Old Orchard Beach); however, these stations had insufficient data from which to develop stage/ discharge rating curves, and therefore, use of indirect methods was required to compute peak streamflows. Hydraulic models developed as a part of the May 2006 flood investigation to compute peak streamflows (Stewart and Kempf, 2008) were used at five of the sites. The contraction of a stream channel by a bridge crossing can create an abrupt drop in water-surface elevation. The geometry of the channel and bridge, estimates of the slope downstream of the contraction, and roughness values are defined through field surveys and entered into the one-dimensional steady-flow water-surface-profile computation component of the U.S. Army Corps of Engineers step-backwater computer program HEC-RAS (U.S. Army Corps of Engineers, 2004) . Peak streamflows were determined to be those that resulted in computed water-surface elevations from the HEC-RAS model that matched elevations of HWMs observed in the field (table 2) .
Flow-Frequency Analyses
Peak streamflows from the April 2007 flood were compared to peak flows with standard recurrence intervals at the same location to determine the approximate recurrence intervals of the April 2007 peak flows. The recurrence interval is the average period of time between peak flows greater than or equal to a specified magnitude. For example, the 50-year peak flow is the flow that would be exceeded or equaled on average of once in 50 years. This does not imply that flooding will happen at regular intervals. Two 50-year peak flows could occur in consecutive years or even the same year. In contrast, a second 50-year peak flow might not occur for another 100 years. The reciprocal of the recurrence interval is called the annual exceedance probability-that is, the probability that a given peak flow will be exceeded or equaled in any given year. For example, the annual exceedance probability of the 50-year peak flow is 0.02. In other words, there is a 2-percent chance that the 50-year peak flow will be exceeded or equaled in any given year. All estimates of recurrence interval have uncertainty associated with them. The uncertainty generally increases as the recurrence interval increases, especially at sites where the period of record is much shorter than the recurrence interval (Interagency Advisory Committee on Water Data, 1982). As the length of record at a streamflowgaging station increases, the computed recurrence intervals may become more accurate. Stationarity (the absence of trends) in peak streamflows over time is an assumption of the flood-flow-frequency techniques used in these analyses (Interagency Advisory Committee on Water Data, 1982) . The validity of this assumption is currently being investigated for peak flows in Maine (G. Hodgkins, U.S. Geological Survey, personal commun., 2008).
The 10-, 50-, 100-, and 500-year peak flows for streamflow-gaging stations with at least 10 years of peak-flow data were calculated using the guidelines in Bulletin 17B of the Interagency Advisory Committee on Water Data (1982) . A logPearson type-3 frequency analysis was fitted to the logarithms (base 10) of the observed annual peak flows at each station with sufficient data. Flood-frequency estimates from Hodgkins (1999) were updated for this report with an additional 9 years of data where available for stations in southern Maine. (Flynn, 2008) . Several New Hampshire streamflow-gaging stations close to the Maine border had peak-flow recurrence intervals of between 100 and 500 years, including the Isinglass River at Rochester Neck Road near Dover (USGS station number 01072870) and the Oyster River near Durham (USGS station number 01073000) (Flynn, 2008) .
Flow frequencies for sites without historical peak-flow data were calculated using the regression equations presented in Hodgkins (1999) . These equations were developed using generalized least-squares regression procedures based on data from 70 USGS streamflow-gaging stations in Maine and eastern New Hampshire. The explanatory variables used in the equations were drainage area and percentage of basin covered by wetlands. Four of the sites at which flow frequencies were computed using the regression equations are outside the bounds for which the equations were designedBlacksmith Brook at Wells, Mill Brook near Old Orchard Beach, Unnamed Brook at Gray, and Chenery Brook at Cumberland. These sites all have drainage basins less than 3 mi 2 , and therefore the accuracy of the estimates at these sites is unknown.
Recurrence intervals for peak streamflows at six of the streams studied as a part of this flood analysis were calculated to be greater than 500 years (table 2). April 2007 peak streamflows had recurrence intervals between 100 and 500 years at five sites, between 50 and 100 years at two sites, between 10 to 50 years at nine sites, and below 10 years at two sites. Generally, streams in York County had recurrence intervals greater than 100 years; the largest recurrence intervals were clustered around Wells and Kennebunk, Maine. Streams in Cumberland County generally had peak flows with recurrence intervals between 10 and 50 years ( fig. 11) .
For the 16 locations where peak flows were determined by indirect methods, historical streamflow records are not available. However, general comparison of the calculated peak flow to theoretical maximum floods is possible. Crippen and Bue (1977) determined envelope curves relating empirical maximum peak flows to drainage area to provide a guide for estimating the magnitude of maximum flood flows that can be expected at a given site on a stream. The curves were developed by analyzing thousands of sites with recorded flood flows, and then using the sites with the most extreme flows to draw the envelope curves for 17 different regions in the United States. Maine is in region 1 (region 1 comprises Maine, Vermont, most of New Hampshire, most of Connecticut, western Massachusetts, and a small part of Rhode Island). The peak flows computed for this study plotted a similar distance below the Crippen region 1 envelope curve. None of the flood flows for the April 2007 flood in southern Maine reached or exceeded the potential maximum flood flow as defined by the Crippen and Bue (1977) envelope curves.
Characteristics of the Flood in the Mousam River Watershed
The Mousam River watershed ( fig. 12 ) was heavily impacted by both the May 2006 flood and the April 2007 flood, and substantial damage to houses, roads, and culverts occurred both years. In addition, peak streamflows at the Mousam River near West Kennebunk (USGS station number 01069500) (table 2) were calculated to have greater than 100-year recurrence intervals both years. The Mousam River watershed was investigated to determine the impact that the many small dams and reservoirs in the watershed had during the 2007 flood and to determine the potential impact that the dams and reservoirs could have during any event of this magnitude.
The analysis below compares the amount of water stored behind the dams in the Mousam River watershed to the amount of precipitation that fell throughout the watershed during the April 2007 flood. In addition, potential current storage and total storage available behind each dam prior to the April 2007 flood are calculated. Effective storage is defined in MEMA dam-inspection reports as storage below the spillway elevation that does not include dead storage (storage that cannot be released) (T. Fletcher, Maine State Dam Inspector, written commun., 2007). Because of the lack of comprehensive dam plans with surveyed gate and spillway elevations and incomplete water-level records, many assumptions were made to conduct this analysis. Without knowing the timing of the potential additional runoff and without surveying and modeling the dam outlets, the water elevations that the stored water could reach downstream of the dams cannot be accurately determined.
The Mousam River watershed has a drainage area of 117 mi 2 at the mouth and includes 13 dams with varying capacity to regulate flows and three additional historical dams that have been breached or are technically too small to be classified as dams ( 
Square Pond
Square Pond has a drainage area of 4.3 mi 2 , a surface area of 1.41 mi 2 , a normal pool elevation of 523 ft NAVD 88, and a total effective storage of 177 million ft 3 (table 3) . Square Pond is located at the headwaters of the main stem of the Mousam River in the northwestern portion of the watershed in Shapleigh, Maine ( fig. 12 ). Square Pond Dam is at the northeast corner of Square Pond and it controls discharge of water into a canal. There is a natural outlet at the southwest corner of the lake, which is lower in elevation than the crest of the Square Pond Dam and is not regulated.
Square Pond Dam has a single 2-by 2-ft gate with an invert that is lower in elevation than the natural outlet, allowing for discharges into the canal. Although surveyed elevations were not available for Square Pond Dam, the dam operator indicated that the invert of the gate is at least 6 ft below the top of a trash-rack grate and at least 10 ft down from the top of the dam (M. Blouin, Sanford Dam Operator, personal commun., 2008). There are no flashboards or flood gates as part of this structure, although the Square Pond Dam is a designated flood-control dam. It is unlikely that water would overtop the dam, because water would flow out of the natural outlet before On the basis of the estimated 2-ft rise in the reservoir and a surface area of 1.41 mi 2 , Square Pond stored approximately 79 million ft 3 of water during the April 2007 flood. If water levels behind the dam could be drawn down to make all 177 million ft 3 of potential effective storage available, a 100-year inflow event could potentially be stored in Square Pond. This may not be possible during wet years with only a single 2-by 2-ft gate available to control water levels.
Mousam Lake
The Mousam Lake watershed has a drainage area of 29 mi 2 at Emery Mills Dam and includes Square Pond. Mousam Lake has a surface area of 1.57 mi 2 , a normal pool elevation of 478 ft NAVD 88 behind the dam, and a potential effective storage at the elevation of the spillway of 554 million ft 3 (table 3) (table 3) .
Estes Lake
The Estes Lake watershed has a drainage area of 98.4 mi 2 at New Dam, just downstream of where the Littlefield River, and the west and middle branches of the Mousam River converge. Estes Lake has a surface area of 0.73 mi 2 , a normal pool elevation of 214 ft NAVD 88 behind the dam, and a potential effective storage at the elevation of the spillway of 456 million ft 3 (table 3) (table 3) . If the 79 million ft 3 of water stored in Square Pond is spread evenly across the whole watershed upstream of Square Pond Dam, it represents 7.8 of the 9 in. (or 86 percent of the total precipitation) that fell or melted upstream of this location. Water stored above Emery Mills Dam (287 million ft 3 of water in Square Pond and Mousam Lake combined) represents 4.3 in. (or 47 percent of the 9 in. that fell or melted) if it is spread evenly across the watershed upstream of Emery Mills Dam. Although when this additional water would have run off had it not been stored is unknown-and thus, its resultant increase in flow is unknown-this is water that potentially could have added to peak streamflows downstream in the watershed.
No appreciable amount of water was stored in the reservoirs downstream of the Emery Mills Dam during the storm. Estimates of the percentage of water stored to water that fell (or melted) throughout the remainder of the watershed can be obtained by dividing the 287 million ft 3 of water stored above Emery Mills Dam by the drainage area at each location. If the stored water is spread evenly throughout the basin at New Dam and at Kesslen Dam at Route 1, the 287 million ft 3 of water stored represents 1.3 and 1.1 in. of water (or 14 and 12 percent of the total 9 in.), respectively.
None of the dams in the Mousam watershed have large flood-release gates that would allow for increases of flow during a flood event appreciably above the flow that would occur naturally during a high-flow event, once the spillway was overtopped. There is a great deal of effective storage in the watershed that could potentially be made available preceding a large flood event assuming the event could be predicted days to weeks in advance, and assuming streamflows preceding the event were not so large as to prevent the lowering of reservoir levels. Water-resource managers commonly need to balance flood control with potentially competing water-use interests such as hydraulic capacity, summer low flows, wildlife habitat, and recreation. If all effective storage in the Mousam River watershed were made available preceding an event, flood flows equivalent to or less than a 100-year event could potentially be attenuated. This does not take into account the practicality of maintaining large amounts of storage, and as noted above for New Dam at Estes Lake, it was not possible to maintain any available storage during the month of April in any of the 4 years preceding the 2007 event because of consistently high amounts of spring runoff during those years. Even where effective storage was not available preceding this event, natural or uncontrollable storage (storage above the dam-crest elevations) in the reservoirs throughout the Mousam River watershed likely attenuated peak flows.
Historical Floods in Southern Maine
Minimal historical peak-flow data are available for southern Maine, especially York County, because there are so few continuously operated streamflow-gaging stations with long periods of record. Riverine floods with recurrence intervals greater than 50 years occurred in south-central and southwestern Maine in March of 1936 and 1953 , respectively (Maloney and Bartlett, 1991 . More recent floods occurred in southern Maine in 1987 , 1996 (Fontaine and Nielsen, 1994 Hodgkins and Stewart, 1997; Stewart and Kempf, 2008) . Peak streamflows during 2006 and 2007 floods were generally greater than those in 1996 or 1987. Northeasters and hurricanes accompanied by high tides can cause coastal flooding and erosion in addition to riverine flooding. Major coastal flooding of unknown recurrence intervals occurred in southern Maine during November in 1945 , 1963 , and 1968 , and during February in 1972 and 1978 (Federal Emergency Management Agency, 1982 -2003 .
Extreme flooding events with recurrence intervals greater than 100 years occurred in the springs of 2006 and 2007 in southern Maine. Both storms were centered in coastal York County. Of the nine sites at which estimates of peak streamflow were obtained for both floods, flows were greatest in 2006 at Merriland River in Kennebunk (site 16, 
Comparison of the April 2007 Flood Data to Flood Insurance Studies
Flood Insurance Studies (FISs) published by FEMA provide 10-, 50-, 100-, and 500-year recurrence-interval streamflows and water-surface elevations for many flooding sources affected by the April 2007 flood in southern Maine. In many cases, flood-frequency data calculated for this report (table 2) differed from flood-flow-frequency data published in the applicable FIS (Federal Emergency Management Agency, 1982 -2003 (table 5) . Differences show where updated techniques and up to 30 years of additional data can change estimated statistical peak flows for selected recurrence intervals. Streamflows and peak water-surface elevations observed during the April 2007 flood are presented in table 5 alongside streamflows and water-surface elevations from the same locations compiled from the appropriate FIS. This table identifies sites at which theoretical FIS water-surface-elevation profiles are not consistent with the peak water-surface elevation observed in April 2007, given the peak streamflow observed in April 2007. Theoretically, the recurrence interval for the peak water-surface elevation and the recurrence interval for the peak streamflow from the same event at the same location should be the same.
Peak flows with 10-, 50-, 100-and 500-year recurrence intervals were calculated for selected locations in southern Maine using log-Pearson type-3 frequency analyses where historical streamflow-gaging data were available and regression equations where historical data were not available (table 2) . At 8 of the 15 sites, 100-year recurrence-interval streamflows calculated for this project were at least 10 percent smaller than those in the current FIS. For Mousam River, Ogunquit River, Merriland River, Kennebunk River, Stroudwater River, and Crooked River, drainage-area adjustments had to be applied to the flows published in the current FIS before they could be compared to peak flows calculated for this report (Federal Emergency Management Agency, 1982 -2003 . FIS profiles were adjusted from NGVD 29 to NAVD 88 at all sites in order to make the comparison with 2007 peak elevations surveyed in NAVD 88.
If flow frequencies were computed with log-Pearson type-3 frequency analyses for both this work and the current FIS, differences could be the result of the length of record used in the analyses. For example, 30 years of additional data now available at Saco River at Cornish (USGS station number 01066000) resulted in 50-, 100-, and 500-year flows calculated for this report (table 2) that were at least 10 percent smaller than the 50-, 100-, and 500-year flows in the current FIS at this location (table 5) . At Ossipee River at Cornish (USGS station number 01065500), the 500-year flow calculated for this report (table 2) was 12 percent less than the 500-year flow in the current FIS (table 5) .
FISs typically have flow frequencies calculated with an older set of equations (Morrill, 1975) . Updated equations (Hodgkins, 1999) developed with an additional 25 years of data and improved statistical techniques were used to calculate flow frequencies for this project. Blacksmith Brook in Wells (site 15, fig. 2 ) and Merriland River in Wells (site 16, fig. 2 ), both had streamflows at all recurrence intervals calculated with new regression equations (Hodgkins, 1999 ) that were at least 50 percent smaller than flows in the current FIS calculated with the older regression equations (Morrill, 1975) (table 5 ). An improved drainage-area calculation at Blacksmith Brook could have been part of the reason for the large change. Peak flows for the 100-year recurrence intervals at Ogunquit River in Ogunquit (site 13, fig. 2 ) and Cape Neddick River in York (site 12, fig. 2 ) calculated with the newer equations by Hodgkins (1999) were 31 and 21 percent less than the 100-year recurrence interval peak flows in the FISs calculated with the equations developed by Morrill (1975) .
For many current FISs, the Natural Resources Conservation Service (NRCS) TR-20 theoretical rainfall-runoff method (Pilgrim and Cordery, 1993) was used to generate flowfrequency data. Flows for the 100-year recurrence interval calculated with the equations developed by Hodgkins (1999) at the Great Works River Dam at Route 9 (site 28, fig. 2 ) were 24 percent less than the 100-year recurrence-interval flow in the FIS calculated with the NRCS TR-20 model.
Estimates for flows of selected recurrence intervals at the Little Ossipee River near South Limington (USGS station number 01066500, site 37, fig. 2 ) and the Mousam River near Kennebunk (USGS station number 01069500, site 3, fig. 2 ) were calculated using a traditional log-Pearson type-3 frequency analysis and an NRCS TR-20 model for the respective FISs. Flow-frequency data at both of these stations were updated by use of the Expected Moments Algorithm (EMA) developed by Cohn and others (1997) and analyses in Hodgkins and others (2007) in order to better accommodate historical peak-flow data outside the period of record. The 100-year flow at the Little Ossipee River was 10 percent less and the estimate of the 100-year flow at the Mousam River was 85 percent greater using the EMA.
At Mousam River at Sanford (site 2, fig. 2 ), Little Ossipee River near South Limington (site 37, fig. 2 ), Royal River at Yarmouth (site 39, fig. 2 ), Blacksmith Brook at Wells (site 15, fig. 2 ), and Ogunquit River in Ogunquit (site 13, fig. 2 ), the observed water-surface elevations (determined from HWMs) from the April 2007 flood were bracketed by elevation profiles with higher than expected recurrence intervals given the observed peak streamflows and modeled elevations in the FIS. The computed water-surface elevations from the April 2007 flood at the Great Works River Dam in North Berwick (site 28, fig. 2 ) were bracketed by elevation profiles with the same recurrence intervals as would be expected given observed peak streamflows and modeled elevations. At the Stroudwater River Dam in Portland (site 42, fig. 2 ), the Merriland River in Wells (site 16, fig. 2 ), the Kennebunk River in Kennebunk (site 22, fig. 2 ), and Collyer Brook at Gray (site 38, fig. 2 ), observed watersurface elevations were bracketed by elevation profiles with the same recurrence interval as would be expected given observed peak streamflows and modeled elevations in the FIS. However, models at Collyer Brook and at Merriland River showed less hydraulic drop through the bridges than was observed, and the FIS hydraulic model for Kennebunk showed a hydraulic drop greater than 7 ft through the bridge than was observed during the April 2007 flood. Cape Neddick at York had a higher upstream peak elevation and a lower downstream peak elevation than was expected because the FIS hydraulic model showed almost no drop through the bridge, but the elevations observed in April 2007 showed a 3.2-ft drop through the bridge. Crooked River at Naples had watersurface elevations upstream and downstream of the bridge that were bracketed by recurrence intervals lower than would be expected given observed peak streamflows and water-surface elevations modeled in the FIS.
Discrepancies between elevations in the FIS models and elevations observed in April 2007 given a known observed flow have several possible causes. Discrepancies could be caused by the possible geomorphic or structural changes that may have taken place at the structure between the FIS analysis and the April 2007 flood. Another possible cause of elevation discrepancies is the error in determining the elevation from a profile plot in the FIS. Choosing the correct location and reading the correct elevation off the profile plot has error associated with it because of the linear interpolation used to develop the profiles between surveyed cross sections and because of the plot scale. The amount of the error is dependent on the rate of change of the profile plot near the structure of interest. There is also error in determining field estimations of the HWM elevation, which can be estimated from a single HWM or the average of up to three different HWMs. In addition, hydraulic models from which elevations are obtained may not have been calibrated if there had not been a flood of that magnitude at that location during the period of record and prior to the current FIS. Data collected during and after the floods in 2006 and 2007 will allow for more accurate calibration of future hydraulic models.
Summary and Conclusions
The Patriots' Day Storm affected much of the northeastern United States from April 15 through 18, 2007. This report focuses on its impact in southern Maine. The storm was characterized by up to 8.5 in. of rain falling on top of a wet snowpack with up to 1 in. of additional water equivalentcausing waterways with fairly normal antecedent streamflow conditions to overtop their banks. The highest rainfall totals in Maine were in coastal York County. Streams in the western mountains of York and Cumberland Counties generally had peak streamflows with lower recurrence intervals than did streams closer to the coast.
Peak-streamflow recurrence intervals were determined at 24 locations and peak water-surface elevations at 63 locations following the April 2007 flood. Peak streamflows were determined with data from continuous-record streamflowgaging stations where available, and through hydraulic models where stations were not available. The flood resulted in peak streamflows with recurrence intervals greater than 100 years throughout most of York County, and recurrence intervals up to 50 years in Cumberland County. Peak flows at select recurrence intervals updated as a part of this study varied from less than 10 percent to greater than 100 percent different than those that would be expected from the current Federal Emergency Management Agency flood-insurance studies.
This was the second storm in 2 consecutive years to have streamflows with recurrence intervals greater than 100 years on many streams in York County. The April 2007 flood covered a greater geographical area in Maine than did the flood of May 2006-extending into Cumberland County in some locations. It is possible to get storms 2 years in a row with large recurrence intervals; however, recurrence intervals greater than 100 years have a large amount of uncertainty associated with them, especially when the period of record at a site is short. As more data are collected and assumptions about the stationarity of flow frequencies are tested, estimated recurrence intervals may become more accurate.
The Mousam River watershed was one of the watersheds in southern Maine where recurrence intervals of streamflows were greater than 100 years in both May 2006 and April 2007. Initial calculations in the Mousam River watershed contain many assumptions because field surveying of the dams was not included as a part of these flood-routing analyses. Although limited storage was available on the west branch of the Mousam River preceding the April 2007 flood, many of the storage reservoirs on the main stem of the Mousam River were filled to capacity and had little effective storage available. Thirty percent of the total precipitation upstream of the Mousam River at Route 4 was stored, but only 14 percent of total precipitation upstream of New Dam at the outlet of Estes Lake was stored.
A major flooding event such as that of April 2007 provided an opportunity to compare current Flood Insurance Studies (FISs) to actual peak flows and water-surface elevations observed in the field. At 8 of the 15 locations where detailed FISs were available, streamflows with 100-year recurrence intervals calculated for this report were at least 10 percent smaller than those in the current (2008) FIS, and at 2 of the 15 locations, flows were over 60 percent smaller because of additional data or newer regression equations. At 2 of the 15 locations (both on the Mousam River), peak flows with 100-year recurrence intervals were more than 10 percent higher than those in the current FIS as a result of new methods.
In many cases, current FIS models had not been calibrated to an actual flood and had peak water-surface elevations with different recurrence intervals than those of the peak streamflows measured during the April 2007 flood. Surveyed elevations and flows calculated after the 2007 event allowed for an independent check of the hydraulic models in the current FISs. Observed water-surface elevations determined from high-water marks resulting from the April 2007 flood were bracketed by elevation profiles with the same recurrence intervals as the recurrence intervals bracketing the observed peak streamflows at seven sites, with higher elevation-profile recurrence intervals than streamflow recurrence intervals at six sites, and with lower elevation-profile recurrence intervals than streamflow recurrence intervals at one site. Elevations and flows documented in this report can be used to calibrate future hydraulic models. 
